We report five new complete mitochondrial DNA (mtDNA) genomes of Siberian woolly mammoth (Mammuthus primigenius), sequenced with up to 73-fold coverage from DNA extracted from hair shaft material. Three of the sequences present the first complete mtDNA genomes of mammoth clade II. Analysis of these and 13 recently published mtDNA genomes demonstrates the existence of two apparently sympatric mtDNA clades that exhibit high interclade divergence. The analytical power afforded by the analysis of the complete mtDNA genomes reveals a surprisingly ancient coalescence age of the two clades, Ϸ1-2 million years, depending on the calibration technique. Furthermore, statistical analysis of the temporal distribution of the 14 C ages of these and previously identified members of the two mammoth clades suggests that clade II went extinct before clade I. Modeling of protein structures failed to indicate any important functional difference between genomes belonging to the two clades, suggesting that the loss of clade II more likely is due to genetic drift than a selective sweep.
Edited by Francisco J. Ayala, University of California, Irvine, CA, and approved April 17, 2008 (received for review March 7, 2008) We report five new complete mitochondrial DNA (mtDNA) genomes of Siberian woolly mammoth (Mammuthus primigenius), sequenced with up to 73-fold coverage from DNA extracted from hair shaft material. Three of the sequences present the first complete mtDNA genomes of mammoth clade II. Analysis of these and 13 recently published mtDNA genomes demonstrates the existence of two apparently sympatric mtDNA clades that exhibit high interclade divergence. The analytical power afforded by the analysis of the complete mtDNA genomes reveals a surprisingly ancient coalescence age of the two clades, Ϸ1-2 million years, depending on the calibration technique. Furthermore, statistical analysis of the temporal distribution of the 14 C ages of these and previously identified members of the two mammoth clades suggests that clade II went extinct before clade I. Modeling of protein structures failed to indicate any important functional difference between genomes belonging to the two clades, suggesting that the loss of clade II more likely is due to genetic drift than a selective sweep.
mtDNA genome ͉ phylogeny ͉ ancient DNA ͉ next-generation sequencing A lthough ancient DNA analyses offer the potential to tackle a tantalizing range of otherwise unapproachable questions, the actual achievements of the field have been limited by the postmortem degradation of DNA. Even in well preserved specimens from arctic environments, number of specimens and amount of data per specimen are limited. Previous studies to assess the genetic structure of extinct species, including mammoths (1) , have had to rely on short sequence intervals that were often only a few hundred nucleotides in length. This has made it difficult to obtain precise estimates of substitution rates and divergence times, particularly for species exhibiting low levels of genetic variation. Additionally, it is possible that the accuracy of these estimates has been compromised by the presence of sequence damage in the form of miscoding lesions, which can introduce significant biases in estimates of evolutionary parameters (2) . These problems can be addressed by large-scale sequencing with manifold coverage, which will increase the amount of informative data while filtering out the spurious polymorphisms resulting from sequence damage. This should serve to increase both the precision and accuracy of demographic estimates.
In this study, we have taken advantage of recent developments in high-throughput DNA sequencing to assemble one of the largest ancient mitochondrial DNA (mtDNA) datasets to date, consisting of a total of nearly 300,000 nucleotides of unique sequence data from 18 individual samples. By exploiting permafrost-preserved hair shaft material as a source of ancient DNA (3), we present five newly sequenced Siberian woolly mammoth mtDNA genomes (Fig. 1 ). In combination with the 13 previously published (3-7), these make it possible to scan for signs of natural selection along the mitochondrial genome and allow further investigation of the population structure discovered in past studies (1, 8) , including the inference of a more precise evolutionary time scale. Analysis of the combined dataset indicates a deep temporal split between the two clades (I and II). This observation, coupled with statistical analysis of the temporal distribution of the 14 C ages of these and previously identified members of the two mammoth clades (1), suggests that, although they are apparently sympatric, clade II vanished from Siberia long before clade I.
Results and Discussion
Sequencing of Mitochondrial Genomes from Clade I and II Specimens.
Using the recently published approach of adopting ancient hair shafts as a source of genetic material (3), we have generated five
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novel mammoth mitochondrial genomes [ Table 1 and supporting information (SI) Table S1 ]. The sequence data indicate that two of the sequences, M15 and M19, belong to clade I of the two mammoth clades recently identified (1) . M19 is the well studied Yukagir specimen, whose good preservation state is manifested by long sequence read length and low DNA damage rate ( Table  1 ). The geographic range of clade I mammoths is extremely large, spanning Ͼ6,000 km east to west and 20°in latitude, and encompassing both Siberian and North American specimens (1) (see Fig. S1 ). Both samples reported here were recovered from within this geographic range. In contrast, the geographic range reported previously for clade II mammoths is much more limited, spanning only 450 km (east to west) across the northern reaches of Siberia (1) (Fig. S1 ). Our data reveal that the three remaining sequences, M20, M21, and M25, are the first complete mitochondrial genomes of the second mammoth clade. This finding expands the observed range of clade II to Ϸ1,100 km (east to west), although it still appears to be limited to the region between the Lena and Kolyma rivers. AMS 14 C dating of the two new clade I individuals indicates that they are 13,995 Ϯ 55 (M15) and 18,560 Ϯ 50 (M19) 14 C years old. In contrast, the three clade II members were radiocarbondated as much older (Table 1) . Only M25 had a finite 14 C age (59,300 Ϯ 2,700 14 C years before the present), whereas the ages of M20 and M21 were both beyond the limit of 14 C dating (M20 Ͼ 63,500 14 C years; M21 Ͼ 58,000 14 C years). This places the three clade II specimens as the oldest of the 18 mammoth mitochondrial genomes that have so far been reconstructed (see Table 1 ).
Comparative Analysis of 18 Mammoth Mitochondrial Genomes. The two mammoth clades are clearly observable within the 18 mammoth mtDNA genomes now available (Fig. 2, Fig. 3 , Table  1, and Table S3 ). In addition to mammoths M15 and M19 (Yukagir), mammoth clade I also contains the two previously published mammoth mitochondrial genomes (4, 5) (here termed ''Krause'' and ''Rogaev,'' respectively) and one assembled by us from previously published sequence data (6, 7) (here termed ''Poinar''), as well as 10 published by our group in a recent study on ancient hair genomics (3). Among these 10 are the well known Jarkov (M2), Fishhook (M3), Dima (M8), and Adams (M13) specimens. Using a Bayesian phylogenetic method, we estimated the phylogeny and divergence times of several Proboscidean species (Fig. 3a) . The chief difficulty in this divergence dating analysis was the selection of an appropriate calibration point. The fossil Each vertical bar depicts a nucleotide difference from sample M1, which serves as a reference (and hence has no row). The rectangle labeled 591 shows the location of a 591-bp interval used to assess the diversity among the larger mammoth and modern elephant datasets. We have not tried to assemble the interval denoted by VNTR; thus, this section is absent from the alignment. record offers an age estimate for the divergence between mastodon and mammoth at Ϸ24-28 million years (MY), but this external calibration is possibly too deep for considering intraspecific divergences (9) . An alternative is to analyze only the mammoth sequences, using their known ages as internal calibrations at the tips of the evolutionary tree (Fig. 3b) . These calibrations, however, may be too shallow for investigating the deep interclade divergence. Therefore, we present estimates made by using both approaches, and suggest that the true dates lie between the two extremes. By using the external, fossil-based calibration, the split between mammoth and Asian elephant was estimated at 6.45 MY, with a 95% highest posterior density (HPD) of 5.76-7.16 MY. This was preceded by the divergence between these two species and the African elephant, which occurred 7.83 MY ago (95% HPD: 7.08-8.54 MY). The estimated age of the African-Asian elephant separation is consistent with the 7.6 MY date inferred by Rohland et al. (10) .
The timing of the coalescence between the two mammoth clades was estimated to be 1.70 MY ago (95% HPD: 1.44-1.98 MY) and 1.07 MY ago (95% HPD: 0.38-2.43 MY) by using external and internal calibrations, respectively. Together, these two date estimates suggest that the clade divergence occurred Ϸ1-2 MY ago.
Intraclade Nucleotide Diversity. The large number of differences observed between representative samples of the two clades (excluding the VNTR region, where data are absent) is in stark contrast to the low variation observed within each clade in this dataset (Table 2 and Fig. 2) , as indicated by computation of nucleotide diversity (11) . This, however, is likely to be an inaccurate representation of the true variation within and between the mammoth clades, because of the limited number of clade II samples in our complete mtDNA genome dataset and the absence of North American samples. To circumvent this limitation and perform an analysis of global mammoth nucleotide diversity that can be compared with modern elephant data, it is necessary to restrict the analysis to a 591-bp subsection of the 741-bp fragment sequenced by Barnes et al. (1) , which covers 3.5% of the whole mitochondrial genome and includes part of the cytochrome b gene, two full tRNA genes, and 356 bp of the D-loop (see Fig. 2 ). Combined with the newly generated data, this yields an alignment of 47 clade I and 12 clade II mammoths, with representatives from Siberia and North America. Analysis of this expanded dataset increases the observed nucleotide diversity as expected, much of which is due to the presence of non-Siberian samples (Table 2) . A comparison of these data with the nucleotide diversity of living elephants, using the homologous genetic regions from 97 African elephants (16 Loxodonta cyclotis, 81 Loxodonta africana) and 43 Asian elephants (Elephas indicus) that are present in GenBank, suggests that despite their large geographic range, mammoth mtDNA nucleotide diversity over this genetic region was considerably less than that observed in modern elephants (Table 2 ). This may be an effect of possible differences between mammoths and extant elephants in their population size, geographical range of sample collection, or even reproductive differences between the species. As further complete elephant and mammoth mtDNA genomes are sequenced it will be possible to discern whether this pattern holds true and to investigate these issues further.
Clade Distribution Through Space and Time. Phylogenetic analysis of the complete mtDNA genomes demonstrates the existence of two highly diverged mammoth clades that were sympatric in space and time (Fig. S1 ). It has previously been noted that clade I had a large distribution, throughout Beringia, during marine isotope stage 3 (MIS 3: 60-25 kya), whereas clade II seems to have been restricted to the region between the Lena and Kolyma rivers (1). However, although both clades coexisted in the latter region for thousands of years (1), the distribution of the ages of 14 C-dated mammoths suggests an extended presence of clade I in the paleontological record for tens of thousands of years after evidence for clade II ceases to exist (Table 1 ). This observation becomes more pronounced when combined with the 14 C dated samples published previously (1) (total dataset of 43 clade I and 11 clade II mammoths; see Fig. 4 ). We evaluated the likelihood that a constant ratio of the two clades existed side-by-side until a simultaneous extinction. The analysis suggested a very low probability of such a pattern arising by chance, given stable proportions of both clades (P ϭ 0.002, based on a simulation with 100,000 permutations). When one of the clade II samples that could only be dated as Ͼ33,000 14 C years (1) is removed from the analysis, the probability is much lower (P ϭ 0.0008).
Selection or Drift? The observation of two clades coexisting for an extended period, followed by the extinction of one of them, raises a number of questions with regard to their evolutionary relationship. The presence of two very different mitochondrial genomes in Siberia is not reflected in morphological variation of M. primigenius as currently described, which provides no evidence of more than one species of mammoth coexisting in Siberia within the last 300,000 years (12) . It therefore seems unlikely that the two clades are related to the existence and asynchronous extinction of two reproductively isolated groups of mammoths.
There are, however, several additional explanations for the observation of an extended clade I survival. One possibility is that mitochondrial genomes belonging to clade I had a selective advantage over those belonging to clade II. The extinction of clade II could thus be due to a selective sweep. The sequencing of heterochronous and complete mtDNA genomes allows for a unique possibility to address this hypothesis directly. To investigate potential functional genomic differences among the two clades, we assessed nonsynonymous substitutions in mitochondrial-encoded proteins, searching for amino acid replacements that could have influenced protein function (for details, see SI Text and Table S4 ). A total of 31 amino acid replacements were discovered. Moreover, clade II mammoths and Asian/African elephants have five and four additional residues, respectively, on the C-terminal end of the ND4 gene compared with the clade I mitochondrial genome. All of the observed substitutions appear to be between closely related amino acids. For those proteins having a close homolog with an experimentally determined structure (namely, COX1, COX2, COX3, and Cytb), we also modeled the structure of the mammoth proteins. All substitutions appear in regions on the surface or in loop regions that neither seem essential for proper folding nor would be expected to alter protein function in any obvious way (see SI Text). Therefore, the evidence from the modeled structures suggest that it is unlikely that the nonsynonymous differences found in the mitochondrial genomes of the two mammoth clades have resulted in any physiological disparities, and thus a selective advantage for clade I based on mtDNA sequence differences alone is not expected. A more likely alternative is that the loss of clade II is a consequence of its restricted geographical distribution, because taxa with small ranges are generally more prone to extinction compared with widespread taxa (13) . It is therefore conceivable that clade II was lost because of a demographic bottleneck resulting in genetic drift or a local population extinction. Taking into account the previous observation of an overall large and stable population size in mammoth during MIS 3 (1), we hypothesize that this population decline or extinction was limited to the Lena-Kolyma region of Siberia. Additional sampling in this region would make it possible to test this hypothesis further and to better resolve the timing of the loss of clade II.
Conclusions
Our report of the first complete clade II mtDNA genomes in Siberian mammoths offers tantalizing insights into the history of this iconic species. Although no functional differences were observed between the different mtDNA genomes, the deep phylogenetic split between the two clades and their apparent coexistence, in combination with statistical evidence that indicates the demise of clade II up to 30,000 thousand years before the demise of clade I on mainland Siberia, raises questions about the evolutionary relationship between the two clades. On the one hand, the data could simply represent natural variation within a single species, driven by an early maternal lineage split that was retained in later history, with the clade II sequences disappearing because of genetic drift. A number of extant mammalian taxa show similar patterns of genetic variation within single continuous populations, including moose (14) , reindeer (15) , and Asian elephants (16) , and several ancient DNA studies have shown similar patterns of clade extinction in taxa such as cave bears (17), brown bears (18), wolves (19) , and arctic fox (20) . On the other hand, in light of the incompleteness of most fossil mammoth remains and our inability to make observations on living mammoths to provide behavioral or other cues that aid in the resolution of the taxonomic relationship between living mammals, the genetic data may provide evidence of something more, specifically the existence of sympatric mammoth species that underwent asynchronous extinction events.
As further mammoth complete mtDNA genomes become available, including samples that represent the western and eastern limits of the range of the mammoth, and as nuclear DNA analyses are applied to representatives of the two clades, it will become possible to test three explicit hypotheses. (i) The observed phylogenetic divergence represents a relict ancestral polymorphism that has formed without the existence of any barriers to gene flow (21) . This would be consistent with the fact that northeast Siberia is the ''core area'' for woolly mammoth, where the species was continuously present (and probably with substantial population size) through the Middle and Late Pleistocene (22) . (ii) The genetic structure represents a mixing of populations that had evolved in isolation, for example, on either side of the Bering Strait before an admixture during the last glaciation (1). (iii) The material covers a wider range of time and includes earlier and later, genetically different mammoths. It might naturally be of interest, with regard to this particular point, for future studies to renew morphometric analyses on mtDNA profiled mammoth specimens, to investigate whether subtle phenotypic differences might be identified. By testing these three hypotheses, we will come closer to understanding the biology and extinction of the mammoth.
Materials and Methods
Complete mtDNA Sequence Generation. The mtDNA sequences were extracted from hair shaft samples, sequenced, and assembled following the procedure described in ref. 3 , with the exception of samples M15 and M20, which were principally assembled from FLX generated sequences but completed by using conventional PCR approaches. The DNA sequences have been deposited in GenBank. As with our previous study (3), we have not assembled the VNTR region because of its extreme sequence variability. For details on the sample sources, geographic origins, and materials used, see Tables S1 and S3 . Because of the extreme divergence of the clade II mammoths from those in the clade I, resequencing was performed to confirm the identity of the nucleotide positions that the 454 sequencing identified as divergent between M25 and the Krause (4) mammoth genome. Details of the primers and regions amplified can be found in Table S2 . PCR was performed for 40 cycles, using High Fidelity Platinum Taq (Invitrogen) at Pennsylvania State University, in 25-l reactions according to the manufacturer's guidelines. Amplified DNA was directly sequenced in both directions by using Applied Biosystems BigDye sequencing chemistry on an ABI 3100.
14 C Dating. Hair shaft samples were submitted from mammoths M15, M20, M21, and M25 to the commercial 14 C dating facility at the University of Oxford. For 14 C sample identification numbers, see Table S1 . Phylogenetic Analysis. Phylogenetic analysis of Mammuthus, Elephas, Loxodonta, and Mammut was performed with the program BEAST 1.4.6 (23) . Eighteen mammoth mitochondrial genomes from this and previously published (3-7) studies were used in combination with Asian elephant (GenBank entry NC005129) (5), African elephant (NC000934) (24) , and mastodon (EF632344) (10) . The TrNϩI model of nucleotide substitution was used, as selected by comparison of Akaike information criterion values. Two separate phylogenetic analyses were performed: (i) analysis of the complete dataset, calibrated by using a lognormal prior on the age of the mammoth-mastodon divergence (minimum 24 MY, mean 26 MY, with 95% of the distribution lying between 24 and 28 MY), with a constant-size coalescent prior on the mammoth clade; and (ii) analysis of the 14 mammoth genomes with finite radiocarbon dates, using their known ages as calibrations on the tips of the tree, with a constant-size coalescent prior on the entire tree.
In both cases, posterior distributions were obtained by Markov chain Monte Carlo (MCMC) sampling. Samples were drawn every 1,000 MCMC steps from a total of 2,000,000 steps, following a discarded burn-in of 200,000 steps. Acceptable mixing and convergence to the stationary distribution were checked by inspection and plotting of posterior samples.
Statistical Analysis of Mammoth Clade Extinction. The statistical test of the temporal distribution of the clade I and II mammoth remains used the complete 14 C dated dataset of this study and that reported by Barnes et al. (1) . Among the N ϭ 59 dated specimens, the 11 clade II mammoths have frequency F ϭ 11/59 ϭ 0.1864. Let M be the number of samples (either clade) that are at least as old as the youngest clade II sample (33,000 years). In our case, M ϭ 27 if one takes the Barnes data at face value. We wish to test the possibility that the absence of recent clade II individuals is due to sampling error; specifically, we want to reject the hypothesis that clade II existed side-by-side with clade I at constant frequency F up to a simultaneous extinction. Informally, if we generate N random positive integers, assigning each to clade I with probability 1 Ϫ F or to clade II with probability F, how frequently will all clade II assignments be among the first M? To generate empirical P-values, we analyzed 100,000 random sequences of 59 numbers. In 215 cases, all of the assignments to clade II occurred within the first M ϭ 27 of the N ϭ 59 numbers (P ϭ 0.00215). Removing the sample of Barnes et al. with putative (and likely incorrect) age of 33,000 years gives N ϭ 58, F ϭ 10/58 ϭ 0.1724, M ϭ 19, and an empirical P-value of 83/100,000 ϭ 0.00083 that the extreme age skew of the clade II samples occurred by chance. The results of the statistical test are necessarily conservative because the 14 C dates of a number of the clade II mammoths were beyond the 14 C dating limit (Fig. 4) ; for these, the test was performed only on the sample-specific 14 C limit (which could potentially be many thousands of years closer to the present than the true sample age).
